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CHAPTER 8 
 
FABRICATION AND CHARACTERIZATION OF ELECTROCHEMICAL 
DEVICES 
 
 
8.1 Introduction 
 
 Based on Chapter 5 to Chapter 7, it is proven that P7 electrolyte obtained the 
highest room temperature conductivity of (5.11 ± 1.60) × 10-4 S cm-1. G.P.Pandey et al. 
(2011) stated that polymer electrolyte which possesses a conductivity of ~ 10-4 S cm-1 is 
acceptable from the electrochemical double layer capacitor (EDLC) application point of 
view. According to Pratap et al. (2006), electrolyte with conductivity of ~ 10-4 S cm-1 is 
suitable enough for application in proton battery.  
 
 In this chapter, P7 electrolyte is applied as separator in an EDLC and proton 
batteries. A variety of techniques for characterizing the devices are presented. 
 
 
8.2 Electrochemical Stability of Electrolytes 
 
The electrochemical stability of electrolyte is a crucial parameter to be evaluated 
for their application point of view in electrochemical devices (Pandey, Kumar, & 
Hashmi, 2010). Linear sweep voltammetry (LSV) measurement was carried out in order 
to determine the decomposition voltage of the electrolyte, i.e., the maximum operational 
voltage of an electrochemical device employing the electrolyte (Arof et al., 2010). 
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Figure 8.1 shows the LSV curve of P7 electrolyte at 5 mV s-1 scan rate at room 
temperature. As for comparison, LSV measurements for other selected electrolytes were 
also been carried out. The results are shown in the same figure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
From Figure 8.1, it is clearly seen that among the electrolytes, the 
electrochemical stability of S5 electrolyte is the narrowest while P7 electrolyte shows 
wider electrochemical stability than other electrolytes. Therefore, it can be concluded 
that the addition of glycerol has enhanced the electrochemical stability of the 
electrolyte. According to Asmara et al. (2011), electrochemical stability may be 
influenced by the dielectric constant of the polymer host and the lattice energy of the 
salt. The authors added that a high dielectric constant of the polymer would give a 
higher concentration of charge carriers. In the present work, since the same polymer 
host and salt are used in the electrolytes, the difference in electrochemical stability 
Figure 8.1: LSV curves of selected electrolytes at 5 mV s-1. 
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could be due to the concentration of charge carriers, i.e. number density of ions. In 
Chapter 6, P7 electrolyte obtained the highest number density of ions, followed by P5, 
P3 and S5 electrolytes, respectively. From this result, it may be inferred that the 
decomposition voltage is influenced by the conductivity (Shuhaimi, 2011). The current 
increases drastically when the potential reaches 1.65 V indicating the decomposition of 
P7 electrolyte. Samsudin et al. (2014) reported that the decomposition voltage of 
carboxymethyl cellulose-NH4Br electrolyte is 1.42 V and the electrolyte was used in the 
fabrication of proton batteries. The decomposition voltage of methyl cellulose-NH4NO3 
is reported to be ~ 1.5 V and the electrolyte was used in the fabrication of an EDLC 
(Shuhaimi, Majid, & Arof, 2009). The present result shows that the highest conducting 
electrolyte in the present work is suitable for fabrication of EDLC and proton batteries.  
 
 
8.3 EDLC Characterization 
 
 The EDLC was fabricated by sandwiching P7 electrolyte with two carbon based 
electrodes using perspex plates (see Figure 3.11). The EDLC was characterized using 
galvanostatic charge-discharge measurement and cyclic voltammetry (CV) technique at 
room temperature.  
 
 
8.3.1 Galvanostatic Charge-Discharge 
 
The cycle life performance is important for practical applications. Figure 8.2 
shows the typical charging and discharging performance of the EDLC at constant 
current density of 0.063 mA cm-2 between 0 to 0.85 V for selected cycles. The discharge  
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curves are observed to be almost linear, confirming the capacitive behaviour of the 
fabricated EDLC (Asmara et al., 2011). The instantaneous voltage drop upon discharge 
is attributed to the internal resistance resulted from resistance due to electrolyte, current 
collector and the inter-fluid resistance between the current collector and the electrolyte 
(Arof et al., 2012). This internal resistance is referred as equivalent series resistance 
(ESR) of the EDLC (G.P. Pandey et al., 2011). ESR was calculated using the equation 
below: 
 
i
V
ESR drop=          (8.1) 
 
where Vdrop is the voltage drop upon discharge and i is the constant current. For the 
entire 500 cycles, ESR ranges from 2.0 kΩ to 2.9 kΩ.  
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Figure 8.2: Charge-discharge curves of the EDLC at 81st to 90th cycles. 
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The charge-discharge curves in Figure 8.2 are quite comparable to those 
reported in the literature (Arof et al., 2010; Kumar & Bhat, 2009; Shuhaimi et al., 2009; 
Sudhakar & Selvakumar, 2012). Using the slope of the discharge curves, the values of 
specific capacitance (Cs) were calculated using the following equation: 
 






=
d
s
sm
iC 1           (8.2) 
 
Here, m is the mass of active material and sd is the slope of discharge curve. The result 
is represented in Figure 8.3. Towards the 70th cycle, the value of Cs is observed to 
decrease to 3915 mF g-1. After the 70th cycle, the value of C remains constant at ~ 3444 
mF g-1 until it completes 500 cycles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
3000
6000
9000
12000
15000
0 100 200 300 400 500 600
Cycle 
Sp
ec
ifi
c 
ca
pa
ci
ta
n
ce
, 
C s
 
 
(m
F 
g-
1 ) 
Figure 8.3: Specific capacitance versus cycle number. 
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It is known that the Cs value of EDLC relies on the conductivity of electrolyte as 
reported in the literature (Liew et al., 2014; Liew, Ramesh, & Arof, 2015; Lim, Teoh, 
Liew, & Ramesh, 2014b; Majid, 2007). The highest conducting electrolyte in this work 
obtains a conductivity of the order ~ 10-4 S cm-1. From the literature, the Cs value 
obtained in this work is comparable with that of EDLCs using activated carbon 
electrodes and solid polymer electrolyte (SPE) (σ ≤ 10-4 S cm-1) as listed in Table 8.1.  
 
 
Table 8.1: Comparison of specific capacitance of the present EDLC with other reports using 
galvanostatic charge-discharge measurement unless stated. 
 
Electrolytes σ  
(S cm-1) 
Charge-
discharge 
cycles 
Cs          
(F g-1) 
References 
Methyl cellulose-
NH4NO3 
2.10 × 10-6 Not stated 1.67 (at 
15th cycle) 
Shuhaimi et 
al., 2009 
PVA-NH4C2H3O2 (1.94 ± 0.01) 
× 10-5 
- 0.14  
(From 
CV) 
Liew et al., 
2015 
Chitosan-H3PO4-
Al2SiO5 
(1.12 ± 0.18) 
× 10-4 
100  0.216-
0.220 
Majid, 2007 
Chitosan-H3PO4-
NH4NO3-Al2SiO5 
(1.82 ± 0.10) 
× 10-4 
100 0.22 < Cs 
< 0.25 
Majid, 2007 
Starch-chitosan-
NH4Cl-glycerol 
(5.11 ± 1.60) 
× 10-4 
500 ~ 3.44 Present work 
 
 
Ionic mobility has an influence on the electrolyte’s conductivity, which in turn 
can affect the device’s performance. The average ionic mobility for the highest 
conducting electrolyte in the present work is (4.42 ± 1.23) × 10-4 cm2 V-1 s-1, obtained 
using the Rice and Roth model. The Cs value of EDLC using activated carbon 
electrodes and chitosan-H3PO4-NH4NO3-Al2SiO5 electrolyte with ionic mobility of  
3.17 × 10-6 cm2 V-1 s-1 (obtained using Rice and Roth model) is found to be              
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(200 < Cs < 250) mF g-1 (Majid, 2007). Thus, from this comparison, it can be concluded 
that the higher the ionic mobility, the greater the Cs value. 
 
Coulombic efficiency (η) is an important parameter since it represents the 
cycling stability of the EDLC (Shukur et al., 2014). The Coulombic efficiency of the 
EDLC at each cycle was calculated according to the equation: 
 
%100×=
c
d
t
tη          (8.3) 
 
where td is the discharge time and tc is the charge time. The plot of efficiency against 
cycle number is shown in Figure 8.4. Towards the 50th cycle, the efficiency increases 
from 69% to 91%. The efficiency remains constant at ~ 90-95% thereafter. Efficiency of 
~ 90% indicates the intimate contact between electrolyte and electrodes (Lim et al., 
2014a). This result shows that the present EDLC exhibits good cycling stability for 500 
cycles. 
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Figure 8.4: Coulombic efficiency versus cycle number. 
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8.3.2 Cyclic Voltammetry 
 
The performance of the EDLC was studied by CV at different scan rates in the 
potential range of 0 to 0.85 V at room temperature. From the CV measurement of the 
EDLC, the nature of charge storage at the electrode-electrolyte interfaces can be 
gathered (Kumar, Pandey, & Hashmi, 2012). Figure 8.5 depicts the cyclic 
voltammogram of the EDLC before the charge-discharge process (fresh EDLC) at 
different scan rates. 
 
 
  
 
 
 
 
 
 
 
 
 
From Figure 8.5, the cyclic voltammogram of the fresh EDLC turns from leaf 
like shape to almost rectangular shape as the scan rate decreases from 20 mV s-1 to         
2 mV s-1. As the scan rate increases, the discrepancy of the cyclic voltammogram from a 
perfect rectangular shape can be assigned to the internal resistance and the carbon 
porosity, which produces a current dependence of the potential (Kadir & Arof, 2011). 
As the scan rate decreases, nearly rectangular behavior without redox peaks was 
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Figure 8.5: Cyclic voltammogram of fresh EDLC at different scan rates. 
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observed inferring that the capacitance is stored by an accumulation of ions between the 
electrode-electrolyte interfaces which is known as electric double layer capacitance (Ma 
et al., 2014). The values of Cs at different scan rates were calculated using the following 
equation (Chen, Beidaghi, et al., 2010; Chen, Fan, Gu, Bao, & Wang, 2010): 
 






−
=
∫
dt
dVVVm
dVVI
C
V
V
s
)(2
)(
12
2
1
        (8.4) 
 
where I(V) is the current at a given potential, V1 is the initial potential, V2 is the final 
potential, ∫
2
1
)(V
V
dVVI  is the area of the plot, (V2-V1) is the potential window and dt
dV
 is 
the scan rate. Table 8.2 lists the Cs values for fresh EDLC at different scan rates. 
 
Table 8.2: Specific capacitance using CV at different scan rates. 
Scan rate (mV s-1) Cs for fresh EDLC        
(F g-1) 
Cs for EDLC after 500 charge-
discharge cycles (F g-1) 
20 1.92 1.14 
10 2.72 1.74 
5 3.60 2.44 
2 5.25 3.64 
 
 
From Table 8.2, it is observed that the Cs value decreases as the scan rate 
increases. As the scan rate increases, energy loss increases and the stored charge on the 
electrode surface decreases leading to a decrease in Cs (Nasibi, Golozar, & Rashed, 
2012). At low scan rates, ions can utilize all the vacant sites in the active electrode 
material, in view of the fact that the ions have enough time to diffuse into vacant sites 
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leading to the higher value of Cs (Lim et al., 2014b). It can be concluded that the present 
EDLC shows the characteristic of capacitor cells, since it is scan rate dependent 
(Hashmi, Kumar, & Tripathi, 2004). 
 
The CV of the EDLC after 500 galvanostatic charge-discharge cycles at various 
scan rates is shown in Figure 8.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
By comparing the CV curves in Figures 8.5 and 8.6, it can be observed that at all 
scan rates, the enclosed area of the CV curve become smaller after 500 charge-discharge 
cycles, suggesting that the value of Cs decreases. This phenomenon is resulted from the 
effect of internal resistance. Internal resistance is reported to increase with increasing 
charge-discharge cycle (Arof et al., 2010; Liew et al., 2015; Pendashteh, Rahmanifar, 
Kaner, & Mousavi, 2014). At higher resistance, less charges flow causes less current 
flow which result a decrease in Cs value as shown in Table 8.2. 
Figure 8.6: Cyclic voltammogram of the EDLC after 500 charge-discharge cycles at 
different scan rates. 
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8.4 Proton Batteries Characterization 
 
Primary proton batteries were fabricated by sandwiching P7 electrolyte with 
anode and cathode in coin cells. The properties of the primary proton batteries i.e. open 
circuit potential (OCP), discharge properties as well as I-V and J-P characteristics were 
identified. To test the charging-discharging ability, P7 electrolyte was also employed in 
secondary proton battery. 
 
 
8.4.1 Primary Proton Batteries 
 
The OCP of the primary proton batteries for 48 h is presented in Figure 8.7. It 
can be observed that there is a slight decrease of potential at initial hours. This 
phenomenon could be due to the oxidation of anode (Samsudin et al., 2014). The            
. 
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Figure 8.7: OCP of primary proton batteries for 48 h. 
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potential of the batteries is then stabilized at (1.54 ± 0.02) V until the 48th hour. This 
result shows that the fabricated proton batteries are practically stable in an open circuit 
condition (Jamaludin & Mohamad, 2010). 
   
Table 8.3 lists the comparison of OCP value of the present primary proton 
batteries with other works which use the same anode and cathode active materials. 
 
 
Table 8.3: Comparison of OCP value of the present primary proton batteries with other reports. 
 
Electrolytes OCP (V) Time (h) References 
PVA-Chitosan-NH4NO3-EC 1.63 24 Kadir et al., 2010 
Chitosan-NH4NO3-EC 1.56 ± 0.06 24 Ng & Mohamad, 
2006 
PEO-(NH4)2SO4 0.647 Not stated Ali et al., 1998 
Cellulose acetate-NH4CF3SO3-EC 1.4 24 Saaid et al., 2009 
Starch-chitosan-NH4Cl-glycerol 1.54 ± 0.02 48 Present work 
 
 
In the present work, the possible chemical reactions at the anode and cathode are 
shown in Table 8.4 (Alias et al., 2014; Vanysek, 2011).  
 
Table 8.4: Possible chemical reactions occur at the electrodes of the proton batteries (Alias et 
al., 2014; Vanysek, 2011). 
 
Electrode Possible reaction V (V) 
Anode Zn → Zn2+ + 2e- 
ZnSO4·7H2O → ZnSO4 + 7H+ + 7OH- 
0.76 
-0.82 
Cathode MnO2 + 2e- + 4H+ → Mn2+ + 2H2O 1.22 
Overall Zn + ZnSO4·7H2O + MnO2 + → Zn2+ + 2e- + ZnSO4 + 7H+ + 7OH- 
2e- + 4H+                                      + Mn2+ + 2H2O 
1.28 
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 From Table 8.4, the overall reaction should provide the batteries with potential 
of 1.28 V. Result of OCP shows that the potential of present batteries is (1.54 ± 0.02) V, 
which is 20.31% higher than the expected potential. The difference between the 
theoretical and experimental result of OCP is due to several factors, such as 
concentration and transport of ions (Botte & Muthuvel, 2012). A similar result has been 
reported in the literature (Alias et al., 2014; Samsudin et al., 2014).  
 
The discharge profiles of the proton batteries at different constant currents are 
depicted in Figure 8.8. It is observed that at each constant discharge current, the plateau 
region of the discharge curve is lasted at ~ 1.0 V before the potential decreases 
significantly. During the discharge process, the zinc is oxidized and MnO2 is reduced 
(McComsey, 2001). This phenomenon forms Mn2O3-ZnO, which is a semiconductor      
. 
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Figure 8.8: Discharge profiles of primary proton batteries at different constant currents. 
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particle (McComsey, 2001; Rahman et al., 2013). The sudden decrease in potential at   
~ 1.0 V is caused by the increase in charge transfer resistance due to the increasing 
formation of Mn2O3-ZnO (Wang et al., 2005). It is observed that at lower constant 
current, the plateau region become wider. Using the value of the discharge time at the 
plateau region (tplateau), the discharge capacity (Q) was calculated using the following 
equation: 
  
plateauitQ =           (8.5) 
 
Table 8.5 summarizes the discharge properties of the primary proton batteries at 
different constant discharge currents. The discharge capacity is found to increase with 
decreasing discharge current. At high discharge current, the variation of ion 
concentration along the pores depth of an electrode increases, forcing a non-uniform H+ 
insertion process (Roscher, Bohlen, & Vetter, 2011).  
 
Table 8.5: Discharge capacity of the primary proton batteries at different constant discharge 
currents. 
 
Discharge current (mA) Q (mA h) 
0.60 1.04 
0.40 1.37 
0.25 4.57 
0.10 9.36 
 
 
The I-V and J-P characteristics of the primary proton batteries are presented in 
Figure 8.9. 
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From Figure 8.9, the I-V plot is observed to be linear, indicating that the 
electrode polarization is dominated by the ohmic contributions (Yap & Mohamad, 
2007). The linear I-V plot can be represented by the equation: 
 
IrVV o −=           (8.6) 
 
where Vo is the OCP and r is internal resistance. The r value is calculated from the slope 
of the I-V plot and found to be 36.74 Ω. The short circuit current of the batteries is 35 
mA. From the J-P plot, the maximum power density is (7.90 ± 0.50) mW cm-2. The 
characteristics of the present primary proton batteries are comparable with other 
reported works (Kadir et al., 2010; Ng & Mohamad, 2006; Shukur, Ithnin, et al., 2013). 
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Figure 8.9: Plot of I-V and J-P of the primary proton batteries. 
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8.4.2 Secondary Proton Batteries 
 
 The OCP of the secondary proton batteries for 48 h is shown in Figure 8.10.  
 
 
 
 
 
 
 
 
 
 
 
 
 In order to fabricate a rechargeable (secondary) proton battery, the highest 
conducting electrolyte solution has been added to the cathode. The addition of the 
electrolyte in liquid phase is predicted to enable the intercalated proton to deintercalate 
from the cathode active material and enter the anode through the SPE, thus obtain a 
rechargeable battery (Kadir et al., 2010). As shown in Figure 8.10, the OCP of the 
secondary battery is lasted at (1.58 ± 0.01) V, slightly higher than the primary one.  
  
 Table 8.6 lists the comparison of the OCP value of the present secondary proton 
batteries with other works using SPE. 
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Figure 8.10: OCP of secondary proton batteries for 48 h. 
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Table 8.6: Comparison of OCP value of the present secondary proton batteries with other 
reports. 
 
Electrolytes OCP (V) Time (h) References 
Carboxymethyl 
cellulose-NH4Br 
1.36 24 Samsudin et al., 2014 
PEO-NH4ClO4-PC 1.55 24 Pratap et al., 2006 
Chitosan-PVA-
NH4NO3-EC 
1.65 24 Kadir et al., 2010 
PEO-NH4SCN-Mg-Zn 
ferrite 
1.57 Not stated Pandey, Singh, Asthana, 
Dwivedi, & Agrawal, 2011 
Starch-chitosan-NH4Cl-
glycerol 
1.58 ± 0.01 48 Present work 
Where; 
Mg = magnesium    PC = propylene carbonate 
NH4ClO4 = ammonium perchlorate   
 
  
 The typical charge-discharge profiles of the secondary proton battery using a 
constant current of 0.35 mA is displayed in Figure 8.11. At the first cycle, the battery is 
discharged to 1.00 V before regain its initial potential of 1.58 V after been recharged. 
This charge-discharge process of the battery cycled for 40 times and lasted for ~ 440 h.  
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Figure 8.11: Charge-discharge profiles of the secondary proton battery at 16th to 21st cycles. 
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 Figure 8.12 depicts the discharge curves of the secondary batteries at selected 
cycles. 
 
 
 
 
 
 
 
 
 
 
 The calculation of specific discharge capacity (Qs) has been done with respect to 
the weight of active cathode material (MnO2) and is plotted in Figure 8.13. The plot in 
Figure 8.13 can be divided into three regions. In region 1, the Qs value decreases from 
6.13 mA h g-1 to 2.76 mA h g-1 after 2nd cycle. However, the Qs value increases               
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Figure 8.13: Specific discharge capacity versus cycle number. 
 
 
Figure 8.12: Discharge curves of the secondary proton battery at selected cycles. 
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thereafter and reaches 7.83 mA h g-1 after 6th cycle. The decrease in Qs after the first 
two cycles can be attributed to the electrode-electrolyte contact, which is not always 
perfect at the first charge (Guinot, Salmon, Penneau, & Fauvarque, 1998; Mohamad et 
al., 2003). After the 2nd cycle, an improvement in the electrode-electrolyte contact has 
generate active materials at the surface of the electrodes to oscillate in ZnSO4·7H2O 
discharge state, leading to an increase in Qs value (Mohamad et al., 2003; Samsudin et 
al., 2014). In Region 2, the Qs value is observed to be almost stable from 6th cycle to 
15th cycle. At this period, since the electrode-electrolyte contact has been stabilized, the 
intercalation of proton at the cathode occurs at a nearly constant rate. The longest 
discharge time occurs during the 9th cycle thus obtain the optimal Qs value of            
7.87 mA h g-1. In Region 3, the Qs value is observed to decrease until the 40th cycle. 
This phenomenon may be caused by the poor interfacial stability of the electrode thus 
develop the large interfacial resistance between the electrode and the electrolyte as 
reported for other proton batteries (Mishra, Hashmi, & Rai, 2014; Samsudin et al., 2014; 
Selvasekarapandian, Hema, Kawamura, Kamishima, & Baskaran, 2010). 
 
 
8.5 Summary 
 
 An EDLC has been successfully fabricated employing P7 electrolyte. The EDLC 
performed at 0.063 mA cm-2 current density for 500 cycles. The specific capacitance of 
the EDLC was obtained at ~ 3444 mF g-1. Primary and secondary proton batteries have 
been successfully fabricated using P7 electrolyte. The OCP of the primary proton 
batteries after 48 h is (1.54 ± 0.02) V, while that of secondary proton batteries is      
(1.58 ± 0.01) V. The discharge capacity of the primary proton batteries is enhanced by 
lowering the discharge current. The internal resistance and short circuit current of the 
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primary proton batteries are 36.74 Ω and 35 mA, respectively. The rechargeability of 
the secondary proton battery is able to perform up to 40 cycles for ~ 440 h.  
 
